Abstract Due to their highly polymorphic and codominant nature, simple-sequence repeat (SSR) markers are a common choice for assaying genetic diversity and genetic mapping. In this paper, we describe the generation of an expressed-sequence tag (EST) collection for the oilseed crop saZower and the subsequent development of EST-SSR markers for the genetic analysis of saZower and related species. We assembled 40,874 reads into 19,395 unigenes, of which 4,416 (22.8%) contained at least one SSR. Primer pairs were developed and tested for 384 of these loci, resulting in a collection of 104 polymorphic markers that amplify reliably across 27 accessions (3 species) of the genus Carthamus. These markers exhibited a high level of polymorphism, with an average of 6.0 § 0.4 alleles per locus and an average gene diversity of 0.54 § 0.03 across Carthamus species. In terms of crosstaxon transferability, 50% of these primer pairs produced an amplicon in at least one other species in the Asteraceae, and 28% produced an amplicon in at least one species outside the saZower subfamily (i.e., lettuce, sunXower, and/or Gerbera). These markers represent a valuable resource for the genetic analysis of saZower and related species, and also have the potential to facilitate comparative map-based analyses across a broader array of taxa within the Asteraceae.
non-coding regions (Levinson and Gutman 1987) . Variation in SSR length occurs primarily due to slipped-strand mispairing during replication (Levinson and Gutman 1987) and mutations of this sort occur at a relatively high frequency. As such, SSRs are typically codominant and highly polymorphic, and have been a common source of markers for genetic mapping, molecular breeding, and population genetic analyses in a wide variety of species (e.g., Chase et al. 1996; Xiong et al. 1999; Matsuoka et al. 2002; Tang et al. 2003; Neeraja et al. 2007) .
Although the utility of SSR markers has been well-established, their de novo development can be a costly and timeconsuming endeavor on a locus-by-locus basis (Squirrell et al. 2003) . Consequently, expressed-sequence tag (EST) databases have become an increasingly valuable resource for SSR marker development (e.g., Pinto et al. 2004; Feingold et al. 2005; Pashley et al. 2006; Yi et al. 2006; Becher 2007; Hanai et al. 2007; Laurent et al. 2007; Heesacker et al. 2008) . EST databases are now available for more than 140 biologically and economically important plant species (Heesacker et al. 2008) , and SSRs are typically abundant within these sequence collections (Ellis and Burke 2007) . A key advantage of these EST-SSRs is that they are often more transferable across species as compared to so-called 'anonymous' SSRs from non-coding sequences (e.g., Cordeiro et al. 2001; Yu et al. 2004; Pashley et al. 2006) , thereby facilitating comparative genetic analyses. This higher level of cross-taxon marker portability facilitates comparative genetic analyses.
The primary goal of the present study was to develop a set of polymorphic EST-SSR markers for use in saZower (Carthamus tinctorius L., Asteraceae) and related species. SaZower is an herbaceous crop that is native to the hot, dry climates of the Fertile Crescent. While it was traditionally grown on a local scale in the Old World as a source of dye (carthamine), food coloring/Xavoring, and medicinal extracts (Weiss 1971) , saZower cultivation expanded to the New World near the end of the 19th century. By the 1950s, saZower was being bred for commercial oil production (Knowles 1958) and, over the past decade, there has also been growing interest in using it as a platform for the largescale production of plant-made pharmaceuticals (Lacey et al. 1998) .
SaZower is a member of the Asteraceae, which is one of the largest and most diverse Xowering plant families, comprising more than 23,000 species (Stevens 2006) .The most recent molecular phylogenetic analysis of the family recognized 12 subfamilies (Panero and Funk 2008) , though three of these (the Asteroideae, Cichorioideae, and Carduoideae) account for nearly 95% of the species. In recent years, molecular marker development eVorts within the Asteraceae have focused primarily on the two most economically important species within the family, sunXower (Helianthus annuus; Asteroideae) and lettuce (Lactuca sativa; Cichorioideae) with little attention having been paid to members of the Carduoideae.
To date, genetic analyses of saZower have been performed using a variety of randomly ampliWed nuclear markers (i.e., ampliWed fragment length polymorphisms [AFLPs], inter-simple sequence repeats [ISSRs] , and randomly ampliWed polymorphic DNAs [RAPDs]; Sehgal and Raina 2005; Johnson et al. 2007) . Unfortunately, such marker systems are typically dominant, and it can also be diYcult to establish the homology of such markers across populations/species, thereby limiting their utility in comparative studies. In order to remedy this situation, we mined the publicly available saZower EST database for SSRs, designed primers to amplify a subset of these loci, screened them for polymorphism, and tested their transferability across the genus Carthamus, as well as more broadly across the family.
Methods

Generation of EST library, EST sequencing and contig assembly
Library construction began with RNA extraction from a single saZower accession (AC Sunset; PI 592391). Tissues (roots from 14 day old seedlings, young leaves, and leaf stalk from 8-leaf stage seedlings held 2 days in the dark, pre-anthesis Xorets and developing achenes) were harvested into liquid nitrogen, ground to a powder and RNA extracted using TRIzol following the manufacturer's protocol (Invitrogen, Carlsbad, CA, USA).
The separate RNA samples were combined following extraction and cDNA was synthesized using SMART cloning technology (Takara Clontech, Palo Alto, CA). cDNA libraries were subsequently normalized using the Trimmer-Direct kit (Evrogen, Moscow, Russia) and size-fractionated into small, medium and large cDNA pools. Each pool was directionally cloned into the pBRcDNASWAB vector (see http:// compgenomics.ucdavis.edu) and transformed into E. coli.
Clones were sequenced at the Joint Genome Institute using ABI3730 automated DNA sequencers (Applied Biosystems, Foster City, CA, USA) and then deposited at the Arizona Genomic Institute (http://www.genome.arizona. edu).Sequence processing, annotation and assembly were carried out using the CGPDB pipeline (http://cgpdb. ucdavis.edu/cgpdb2/; Kozik et al. 2002) as described by Heesacker et al. (2008) .
SSR discovery, primer design and ampliWcation
Following assembly, the unigene set was searched for SSRs using SSR-IT (Temnykh et al. 2001 ) with a minimum size of n (number of motif repeats) ¸5 for dinucleotide SSRs and n¸4 for tri-and tetranucleotide SSRs. PCR primers were then designed to Xank SSRs using Primer3 (http:// frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi). Primer pairs were screened for successful ampliWcation on a screening panel consisting of DNA samples from six diverse saZower lines plus two individuals of C. oxyacanthus. DNA was extracted using a modiWed CTAB method (Doyle and Doyle 1990 ) from fresh tissue grown from seed.
PCR ampliWcation utilized a modiWcation of the threeprimer ampliWcation protocol described by Schuelke (2000) , as detailed in Wills et al. (2005) . Each reaction contained 10 ng of template DNA, 30 mM tricine pH 8.4-KOH, 50 mM KCl, 2 mM MgCl 2 , 100 M each dNTP, 0.02 M forward primer (with the M13(-29) sequence appended to the 5Ј end), 0.1 M reverse primer, 0.1 M Xuorescently labeled M13(-29) primer, and one unit of Taq DNA polymerase. Cycling conditions followed a 'touchdown' protocol, as follows: initial denaturation at 95°C for 3 min; 10 cycles of 30 s at 94°C, 30 s at 65°C (annealing temperature was reduced by 1° per cycle), and 45 s at 72°C; 30 cycles of 30 s at 94°C, 30 s at 55°C, and 45 s at 72°C; and a Wnal extension time of 20 min at 72° C.
PCR products were resolved on agarose gels to check for ampliWcation. In cases where no ampliWcation was evident, or if fewer than six of the eight individuals screened produced amplicons, the primer pair was discarded. Likewise, primer pairs that produced apparently multilocus ampliWcation proWles were not considered further. For loci that appeared to produce a single-locus product, the amplicons were diluted 1:50 and visualized on an ABI 3730xl DNA sequencer (Applied Biosystems) with MapMarker 1000 ROX size standards (BioVentures Inc., Murfreesboro, TN, USA) included in each lane to allow for accurate fragment size determination. Alleles were called using the software package GeneMarker (SoftGenetics LLC, State College, PA, USA). Markers that were monomorphic in the eight individuals were not considered further, as they are likely to represent loci with no (or very low) SSR variation.
Once a suitable panel of polymorphic markers was identiWed, they were used to genotype a set of 24 saZower accessions (Table 1) , 12 individuals of C. palaestinus (PI 235663) , which is the apparent progenitor of saZower, as well as twelve individuals of C. oxyacanthus (accessions PI 426488 and PI 426428), which is a more distantly related species in the same section. In addition, the primer pairs were used to test for cross-species ampliWcation outside the genus Carthamus. The cross-taxon screening included Wve members of the saZower subfamily (the Carduoideae) plus representatives of three other subfamilies (lettuce, Cichorioideae; sunXower, Asteroideae and Gerbera, Mutisioideae; Table 2 ). Seed of each species were obtained from the USDA National Plant Germplasm System (http://www. ars-grin.gov/npgs/) with the exception of lettuce (L. sativa cv. Salinas), which was obtained from the Michelmore lab, and Gerbera, which came from a plant in the greenhouse at the University of Georgia. 
Results
Prevalence of SSRs
The 40,874 saZower (C. tinctorius) ESTs (Genbank numbers EL372565-EL412381 and EL511108-EL511145) assembled into 19,395 unigenes (7,154 contigs and 12,241 singletons). Approximately 79% of the saZower unigenes showed sequence similarity with an Arabidopsis gene (see http://compgenomics.ucdavis.edu). 6,180 SSRs were detected in 4,416 unigenes (with one to eight per unigene). Excluding SSRs which were too close (within 50 bp) to the ends of the sequence (precluding primer design) the database contained 4,835 SSRs in 3,572 unigenes. The majority of these (71.2%) were trinucleotide repeats, with di-and tetranucleotide-repeats making up 24.5 and 4.4%, respectively. The longest dinucleotide-repeat spanned 56 bp (i.e., 28 repeat units) whereas the longest tri-and tetranucleotide-repeats were 42 and 40 bp, respectively (corresponding to 14 and 10 ten repeat units, respectively).
AmpliWcation in saZower and wild Carthamus species
Primer pairs were designed for 384 randomly chosen EST-SSR loci. Of these, 216 (56.3%) produced an apparently single-locus ampliWcation product in at least six of the eight individuals on the screening panel, with 148 being polymorphic. One hundred and four primer pairs, presented in Table S1 , were selected from this larger set for further analysis. No tetranucleotide SSRs were represented in this set of 104 markers, presumably due to their low prevalence in the entire database. On average, these markers ampliWed extremely well across the diverse panel of 24 saZower lines, with the average number of successful ampliWcations per primer pair being 22.5 of the 24 saZower individuals. For C. palaestinus and C. oxyacanthus the corresponding average was somewhat lower (»9.5 of 12 individuals), as might be expected given that the primer pairs were designed based on saZower sequences.
These loci harbored between two and Wfteen alleles across the full panel of Carthamus individuals (6.0 § 0.4; mean § SE) and gene diversity (expected heterozygosity) ranged from 0.05 to 0.91 (0.54 § 0.03). Across the full panel, dinucleotide SSRs were signiWcantly more polymorphic than trinucleotide SSRs (nA and H e both P = 0.001; 2-sample t test). Sixty-Wve of the markers (62.5%) were polymorphic in all three species. The potential future utility of these markers in saZower is evident from the high levels of polymorphism within the crop; 93 (89.4%) of the markers were polymorphic, with an average gene diversity (per polymorphic locus) of 0.40 § 0.03 (3.9 § 0.2 alleles per locus). PIC values ranged from 0.00 to 0.85 (mean 0.32 § 0.02). The number of polymorphic loci was somewhat lower in C. palaestinus (74.0% of loci), however, gene diversity for these polymorphic loci was higher (0.42 § 0.02). These values are based on multiple individuals drawn from a single accession, and therefore may appear quite high. It is important to note, however, that the origin of this accessions (e.g. how many plants were collected) is not given by the USDA NPGS. The two accessions of C. oxyacanthus exhibited a high level of polymorphism, with 89.4% polymorphic loci and gene diversity per polymorphic locus of 0.55 § 0.02.
Relationships between Carthamus species and between saZower accessions
The PCO based on these genotypic data clearly shows that the three species are genetically distinct (Fig. 1) . Axis one separates C. oxyacanthus from the other two species and accounts for 22.7% of the variation. Axis two separates saZower and C. palaestinus and accounts for 9.3%, consistent with the view that these two species are more closely-related to each other than to C. oxyacanthus . 
AmpliWcation of the saZower SSRs in related species
The 104 SSRs were tested for ampliWcation across a panel of Wve members of the Carduoideae subfamily that varied in their relatedness to the genus Carthamus (based on the tribal classiWcation of Susanna et al. 2006 ) as well as sunXower, lettuce and Gerbera, which are members of the other major subfamilies within the Compositae. The number of successful ampliWcations in members of the Carduoideae generally followed a predictable pattern, decreasing with increased evolutionary distance (Fig. 2) . Forty-four (42.3%) of the primer pairs ampliWed from Centaurea, a member of the same subtribe (the Centaurinae) as Carthamus, whereas only 13 (12.5%) ampliWed from Echinops (in the more distantly related subtribe Echinopinae). Slightly more primer pairs ampliWed from sunXower, lettuce and Gerbera (with an average of 19.3 primer pairs) than for the most distantly related member of the Carduoideae (Echinops).
Discussion
The markers described in this paper represent a valuable resource for the genetic analysis of saZower and related species. To our knowledge, this is the Wrst set of SSR markers that has been published for saZower and our results further indicate that the saZower EST collection will be a valuable source for the development of additional SSR markers for the genetic analysis of saZower and related species. The EST-SSR markers ampliWed well across saZower accessions as well as other species in the section and exhibited high levels of polymorphism. As such, they should prove useful for both genetic map-based analyses as well as population genetic studies. The PIC values reported herein can serve as a guide to selecting the loci that are most likely to be informative in saZower, and possibly in other Carthamus species. Our PCO analysis serves as a proof-of-concept for the utility of these markers for population genetic studies within Carthamus and provides further support for the close relationship between saZower and C. palaestinus . Relationships within species are diYcult to discern due to the divergent nature of the C. oxyacanthus individuals included in the plot.
Overall, the saZower EST collection surveyed herein contained an exceptionally high frequency of repeats, with nearly 23% of unigenes containing at least one SSR. While the apparent frequency of SSR-bearing ESTs is highly dependent on the search parameters, this value was considerably higher than expected based on data from other taxa. For example, Kantety et al. (2002) estimated that 2-5% of all plant-derived ESTs contain an SSR. More recently, Ellis and Burke (2007) searched EST collections from 33 plant species using search parameters similar to those employed here and found that an average of 9% of ESTs contain at least one SSR (range = 2.5-21.1%). Comparing to other species in the Asteraceae, saZower has approximately twice the frequency of SSR-bearing ESTs as sunXower (Heesacker et al. 2008 ) and approximately Wve times the frequency found in lettuce (Simko 2008) , though the latter study employed much more stringent search criteria.
In terms of marker portability across greater evolutionary distances, several previous studies have reported reasonably high levels of transferability across taxa, with the success rate declining with relatedness (e.g., Gupta et al. 1994; Thiel et al. 2003; Pashley et al. 2006; Saha et al. 2006) . Consistent with these earlier Wndings, many of the primer pairs described in this paper produced amplicons in other species of the Asteraceae, though success rates generally decreased with increasing evolutionary distance. For example, 44 of the 104 SSR markers (42.3%) ampliWed in Centaurea, a genus in the same subtribe as Carthamus which contains several important weedy species (e.g., yellow starthistle [C. solstitialis] and spotted knapweed [C. maculosa] ). Moving outside the Carduoideae, »28% of these 104 markers produced amplicons in sunXower, lettuce, and/or Gerbera.
In a similar study in sunXower, Heesacker et al. (2008) found somewhat lower transferability of EST-SSR markers from sunXower to saZower (14.8%) as compared to the saZower-to-sunXower success rate documented here (24.0%). While the cause of the apparently higher transfer rate in the present study is not immediately evident, it is important to note that we only selected primer pairs for analysis that ampliWed across the three species of Carthamus. As such, the EST-SSRs analyzed in the present study may have been enriched for loci whose primer sequences are more conserved. Given that numerous genetic maps for sunXower and lettuce have now been published (e.g., Landry et al. 1987; Kesseli et al. 1994; Gentzbittel et al. 1999; Johnson et al. 2000; Burke et al. 2002; Tang et al. 2002; Yu et al. 2003; Truco et al. 2007; Wills and Burke 2007; McHale et al. 2009 ), the EST-SSR resources described in this paper, along with other recently developed marker resources within the family (e.g., Heesacker et al. 2008) , have the potential to not only facilitate genetic map-based analyses of saZower and its close relatives, but to also enable syntenic analyses across the three major subfamilies of the Asteraceae. Such research promises to provide insights into genome evolution across this diverse family and to also aid in gene discovery across species (e.g., Gale and Devos 1998; Paterson et al. 2000) .
